INTRODUCTION
All organisms make the critical decisions of how much energy to invest in reproduction and how to partition this investment among offspring. Reproductive decisions are influenced by environmental conditions, which cause the natural selection of eggs of a particular size. In a given environment, natural selection favours the egg size resulting in the highest fitness for the parent: the optimal egg size (Smith & Fretwell, 1974) . Recently, biologists have gathered direct evidence that natural selection affects egg size. For example, experimental reduction of yolk in reptilian eggs yielded smaller offspring that suffered poorer locomotor performance and lower survivorship than offspring from unmanipulated eggs (Sinervo, 1999; Warner & Andrews, 2003) . Therefore, we expect egg size to vary in accordance with the net benefits of enhancing the performance of offspring.
As with any phenotype, the optimal egg size is partly determined by constraints (Maynard Smith, 1978; Arnold, 1992) . A fundamental constraint is the finite supply of energy, which can be deposited in few large or many small eggs. Early models of optimal reproduction focused primarily on energetic constraints (Smith & Fretwell, 1974; Parker & Begon, 1986; McGinley, Temme & Geber, 1987) . Such models predict that females will produce larger eggs in poorer environments if this allocation enhances the performance of offspring. Moreover, a negative relationship between egg size and clutch size should be observed when energy availability varies little among females (Van Noordwijk & DeJong, 1986) . These energetic constraints are relaxed when mothers can obtain additional energy. For example, larger females often have more energy for reproduction than smaller females because of greater rates of acquisition and greater capacities for storage. In these cases, large females can use their additional energy to produce more and/or larger eggs than small females. Under certain conditions of density dependence, larger females should use their additional energy to produce larger eggs (Parker & Begon, 1986) .
Subsequent to early models of reproductive allocation, an additional constraint has come into focus. Congdon & Gibbons (1987) proposed that the size of a female constrains the size of her egg. Because eggs must pass through the pelvic aperture, large eggs produced by small females can jam or rupture during oviposition (Sinervo & Licht, 1991; Sinervo, 1999) . After factoring in such risks, the optimal egg size for a small female might be smaller than that of a large female. This idea, usually referred to as the pelvic constraint hypothesis, predicts that egg size will be positively correlated with pelvic size, or some proxy such as body size (Congdon, Gibbons & Greene, 1983; Congdon & Gibbons, 1987; Michaud & Echternacht, 1995) . Undoubtedly, both energetic and pelvic constraints cause variation in egg size within and among species of vertebrates.
The present study aimed to assess the relative importance of energetic and pelvic constraints in generating geographical variation in egg size. The eastern fence lizard ( Sceloporus undulatus ) exhibits phenotypic covariation that supports models based on either energetic or pelvic constraints. Females in colder environments lay larger eggs (Angilletta, Oufiero & Sears, 2004) , possibly because cold environments retard the growth of offspring (Perrin, 1988; Yampolsky & Scheiner, 1996) . On the other hand, females in colder environments tend to be larger , which could enable them to store more energy, pass larger eggs, or both. How can we distinguish which constraints are the primary cause of this geographical variation?
Comparative studies of intraspecific variation in egg size will help to answer this question (Congdon & Gibbons, 1987; Michaud & Echternacht, 1995) . Pelvic constraints should produce similar relationships between maternal size and egg size within and among populations, as long as the allometry of the pelvis remains relatively constant. Hence, qualitative differences in the relationship between maternal size and egg size among populations should cast doubt on the importance of pelvic constraints (Fig. 1) . Nevertheless, the same differences would not refute hypotheses based on energetic constraints because optimal egg size would not scale with maternal size in all environments (Parker & Begon, 1986) . Thus, a comparison of maternal size-egg size relationships within species can help to assess the relative importance of pelvic and energetic constraints. Here, we use such a comparison to show that pelvic constraints are probably not a major cause of geographical variation in the egg size of S. undulatus .
MATERIAL AND METHODS

S AMPLING AND CARE OF FEMALES
Gravid females were collected from populations belonging to two clades, which are distributed along latitudinal gradients (Leaché & Reeder, 2002) . From a midwestern clade, we sampled a northern population in Indiana (Monroe County) and a southern population in Florida (Santa Rosa County). From an eastern clade, we sampled a northern population in New Jer- 
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Maternal size Egg size sey (Burlington County) and a southern population in South Carolina (Aiken County). We also sampled a population in Virginia (Montgomery and Craig Counties) from the eastern clade because this population occurs at high altitude (660 m). Mean air temperatures in New Jersey, Virginia, and Indiana (12.4 ° , 11.0 ° , and 11.9 ° C, respectively) are much lower than those in South Carolina and Florida (18.0 ° and 19.2 ° C, respectively). Females from cold environments tend to be larger than females from warm environments .
Gravid females were housed in 38-L terraria, which were kept in an environmental chamber under a 12 : 12 h light/dark cycle and an ambient temperature of 23 ° C. An incandescent bulb was placed above one end of each terrarium to enable behavioural thermoregulation. Crickets ( Acheta domestica Linnaeus) were offered three times per week, and water was provided ad libitum .
C OLLECTION AND ANALYSIS OF EGGS
Eggs were collected by hormonally inducing females to oviposit (Andrews et al. , 1999) . Each female was injected intraperitoneally with 0.3-0.5 mL of oxytocin. Just prior to injection, the snout-vent length (SVL) was measured to the nearest mm (hereafter referred to as maternal size); SVL is an excellent proxy for pelvic width when access to radiographic equipment is not available ( Fig. 2 ; Congdon & Gibbons, 1987; Michaud & Echternacht, 1995) . Following injection, females were placed in ventilated plastic containers, which were kept in an illuminated incubator that maintained a temperature of 30 ° C (Model 818, Precision Inc.). Females were observed periodically until oviposition was completed. As each egg was laid, it was weighed to the nearest 0.1 mg. Two to four eggs per clutch were stored in glass vials filled with nitrogen and were frozen at − 80 ° C for analysis of energy content and energy density.
Inducing oviposition enabled us to weigh eggs as they were laid, avoiding changes in mass caused by water loss or gain. This method is not without its drawbacks; the duration of egg retention could have affected wet mass at oviposition (Warner & Andrews, 2003) . Nonetheless, two facts lead us to conclude that variation in wet mass was not adversely affected by our method. First, a previous study of S. undulatus showed the use of oxytocin had a minor effect on the embryonic stage at oviposition (Parker, Andrews & Mathies, 2004) . More importantly, analyses of wet masses and dry masses of eggs produce were concordant (see Results).
The energy content and energy density of each egg were measured by bomb calorimetery. Eggs were lyophilized for approximately 24 h, weighed to the nearest 0.1 mg, and homogenized using a mortar and pestle. Homogenized samples were compressed into pellets (approximately 50 mg each) and combusted in a semimicro bomb calorimeter (Model 1425, Parr Instrument Co.). The calorimeter was calibrated daily using benzoic acid as a standard. Calorimetry yielded the energy density (kJ g − 1 ) of each egg, which was multiplied by its dry mass to yield the total energy content. Because lipid and protein have different energy densities (Schmidt-Nielsen, 1997), the energy density of an egg reflects the relative proportion of these macromolecules (hereafter referred to as egg composition).
S TATISTICAL ANALYSES
We sought to describe both inter-and intraspecific covariation between maternal size and reproductive traits. First, we used a principal component analysis (PCA) to examine the covariation among maternal size, egg mass, and energy density; we also included clutch size in this analysis because models of energetic constraints predict that clutch size will be negatively related to egg size (Smith & Fretwell, 1974) or positively related to maternal size (Parker & Begon, 1986) . The PCA enabled us to not only characterize the relationship between maternal size and reproductive traits, but also to determine whether this relationship was driven partly by variation among populations. We accomplished this latter goal by using analysis of variance to compare scores of the first principal component among populations. Before conducting the PCA, we used the diagnostic tests suggested by McGarigal, Cushman & Stafford (2000) to establish that our data met the assumptions. To detect a potential violation of Figure 2 . The snout-vent length of a female of Sceloporus undulatus accurately predicts its pelvic width. ( r 2 = 0.89; t = 15.4, P < 0.00001, N = 31). These data were recorded from X-radiographs of gravid females from South Carolina (Angilletta, 1999 the assumption of multivariate normality, we assessed the skewness, kurtosis, and normality of the scores for principal components, and examined normal probability plots for the variables and scores. To ensure that the variables met the assumption of linearity, we inspected a scatter plot of scores for the first two principal components (PC1 vs. PC2). The broken stick criterion was used to decide whether the second principal component was worthy of interpretation (Jackson, 1993) . We used linear regression to estimate the effect of maternal size on reproductive traits within populations. Relationships between maternal size and egg mass (wet and dry) were examined for evidence of pelvic constraints. Additionally, the relationship between dry egg mass and energy density was quantified to see whether females altered the composition of their eggs to compensate for potential constraints on egg size. We avoided the possibility of pseudo-replication by analysing the mean egg mass and mean energy density of each clutch rather than measures of individual eggs. All analyses were conducted using Statistica, version 6.0 for Windows (StatSoft, Inc., 2003) . Descriptive statistics are provided as means ± 95% confidence intervals.
RESULTS
The reproductive traits of S. undulatus vary greatly throughout its natural range , and this variation can be seen among the five populations that we sampled (Table 1) . The PCA defined a linear combination of maternal size, clutch size, egg mass, and energy density that explained 60% of the variation in these traits (Table 2) . This principal component indicates that larger females produced larger clutches of heavier eggs. Interestingly, these heavier eggs were less dense energetically. Consequently, the difference between the energy contents of small and large eggs was less than expected from an isometric scaling of energy content with egg mass.
Our comparison of PC scores (Fig. 3) revealed that maternal size and reproductive traits varied significantly among populations (PC1: MS = 16.77, F 4,67 = 18.18, P < 0.0001; PC2: MS = 2.01, F 4,67 = 3.80, P < 0.01). In the eastern clade, the mean PC score of females from Virginia was significantly lower than the mean PC score of females from South Carolina ( − 0.78 ± 0.44 vs. 0.53 ± 0.61; Tukey's test, P < 0.01). The mean PC score of females from New Jersey ( − 0.27 ± 0.62) did not differ significantly from the mean PC score of females from Virginia or South Carolina ( P > 0.05 for both pairwise comparisons). In the midwestern clade, females from Indiana had a significantly lower mean PC score than females from Florida ( − 0.93 ± 0.49 vs. 1.78 ± 0.61; P < 0.01). Based on these comparisons, we conclude that females in colder environments were larger and produced more eggs of a larger size but lower energy density.
Based on our regression analyses, the relationship between maternal size and egg size differed greatly among populations (Fig. 4) . In the midwestern clade (Florida and Indiana), larger females produced heavier eggs (dry egg mass: β= 0.78, adjusted r 2 = 0.59, P < 0.01; wet egg mass: β= 0.65, adjusted r 2 = 0.40, P < 0.01) with more energy (β = 0.69, adjusted r 2 = 0.45, P < 0.01), suggesting that pelvic constraints could have influenced reproductive allocation. In the eastern clade, neither egg mass (dry egg mass: β= 0.09, adjusted r 2 = 0.09, P = 0.56; wet egg mass: β= −0.06, adjusted r 2 = −0.02, P = 0.68) nor total energy (β = −0.04, adjusted r 2 = −0.02, P < 0.78) was related to maternal size. Given these markedly different patterns, we conclude that pelvic constraints are a poor explanation of variation in egg mass or energy content in S. undulatus.
Interestingly, we observed a negative relationship between egg mass and energy density within and among populations (Tables 2, 3, Fig. 4D ). These relationships were statistically significant for lizards from New Jersey and South Carolina, but the common trend among all five populations suggests the phenomenon could be more general. Energy densities indicate smaller eggs contained a greater proportion of lipids than larger eggs. This variation in energy density did not compensate completely for variation in egg mass, but smaller eggs contained more energy than would be expected from an isometric scaling of energy content with egg mass. For example, a two-fold difference in dry egg mass yielded only a 1.5-fold difference in energy content (Fig. 4D) .
DISCUSSION
We examined variation in reproductive allocation within and among populations to assess the role of (Table 2 ). An analysis of variance revealed significant variation in both PC1 (MS = 16.77, F 4,67 = 18.18, P < 0.0001) and PC2 (MS = 2.01, F 4,67 = 3.80, P < 0.01) among populations. The coefficient (β) and intercept (α) of each model are provided as estimates of the size of the effect.
energetic vs. pelvic constraints in generating geographical variation in egg size. Both energetic and pelvic constraints can affect the optimal egg size (Smith & Fretwell, 1974; Parker & Begon, 1986; Congdon & Gibbons, 1987) . Nevertheless, their relative impact on natural variation in egg size can be difficult to assess when both kinds of constraints lead to similar predictions about optimal egg size. Models of energetic constraints predict females in colder environments should lay larger eggs (Perrin, 1988 ). Yet thermal clines in maternal size suggest models of pelvic constraints might better explain thermal clines in egg size. To make matters worse, models of energetic constraints also predict larger females will lay larger eggs under certain conditions (Parker & Begon, 1986) . If pelvic constraints are important, variation in egg size is dictated by the physical capacity to successfully pass an egg. If pelvic constraints are not important, variation in egg size could reflect adaptive strategies of energy allocation. The distinction between these two mechanisms is critical to evaluating the evidence favouring one model over the other. For us to consider pelvic constraints as a viable hypothesis, we must observe a positive correlation between maternal size and egg mass both within and among populations. Although variation among populations suggests either mechanism, variation within populations does not consistently support the pelvic constraint hypothesis. Inconsistent support for the pelvic constraint hypothesis leads us to focus on other mechanisms that could cause the patterns within and among populations of S. undulatus. Two mechanisms involving energetic constraints are plausible. First, optimality theory predicts females should produce relatively large offspring when environmental conditions retard the growth of offspring (Sibly & Calow, 1983; Taylor & Figure 4 . Relationships between maternal size and dry egg mass (A), wet egg mass (B), and total energy content (C), and between dry egg mass and energy density (D) in five populations of Sceloporus undulatus. In populations from the midwestern clade (filled symbols), dry egg mass, wet egg mass, and total energy were positively related to maternal size. In populations from the eastern clade (unfilled symbols), no significant relationships were observed for these three variables. In New Jersey and South Carolina, energy density decreased significantly with increasing dry egg mass (for model parameters, see Table 3 ). Williams, 1984; McGinley et al., 1987) . In ectotherms like S. undulatus, cold environments retard growth by reducing rates of feeding and digestion (Angilletta, 2001 ). Based on this thermal effect, certain theorists reasoned that females should lay smaller eggs in warmer environments (Perrin, 1988; Yampolsky & Scheiner, 1996) . They based this prediction on the implicit assumptions that: (1) the thermal sensitivity of growth rate does not acclimate and (2) temperature does not affect the relationships among size, survival, and fecundity. Consistent with their prediction, lizards from cold environments (Indiana, New Jersey, and Virginia) produced larger eggs than lizards from warm environments (Florida and South Carolina).
Additionally, females from northern populations might lay larger eggs because they have more energy stores at the time of reproduction. Larger eggs are thought to enhance the competitive ability of offspring, and females with greater energy stores can afford to provision their offspring for a competitive environment without having to produce fewer offspring (Parker & Begon, 1986) . A broad comparative study suggests this mechanism could be more important than thermal constraints on the growth of offspring (Angilletta, Oufiero & Leaché, 2006 ). Yet, nothing prevents both mechanisms from favouring large eggs in cold environments. Therefore, theorists should work to integrate these mechanisms to form a more general model of reproductive allocation.
Ultimately, experiments are needed to confirm adaptation of reproductive traits. Because experimental studies generally consume more time, energy, and money than comparative studies, analyses such as ours enable researchers to identify the most plausible hypotheses on which to focus their experimental efforts. By eliminating pelvic constraints as a plausible hypothesis, we can now focus on models based on energetic constraints. First, we could use methods of phenotypic engineering to miniaturize and gigantize eggs, providing a broad distribution of offspring sizes for field studies of selection (Sinervo, 1990; Sinervo & Licht, 1991) . If cold environments favour larger offspring than warm environments do, we should be able to detect this by comparing fitness landscapes measured in warm and cold environments. Second, we could determine whether larger mothers should produce larger eggs in these environments. This prediction depends on the assumptions that larger females store more energy and that the survival of offspring depends on their density. The former assumption seems warranted, but the latter assumption needs to be validated. We could alter the densities of juveniles in natural environments and see whether the performance of individuals is affected (Ferguson & Talent, 1993; Tinkle, Dunham & Congdon, 1993) . Given our findings, any of these experiments should be prioritized over experiments designed to evaluate models based on pelvic constraints.
If pelvic constraints are unimportant, why does egg size vary so much within populations? For example, females from Virginia produced eggs that ranged from 0.15 to 0.23 g in dry mass and 3.5-5 kJ in energy content. Furthermore, maternal size fails to explain any of this variation (Fig. 4) . A similar result was obtained by Angilletta, Sears & Winters (2001) during a previous study of S. undulatus. Great variation in egg size does not accord with optimality models (Smith & Fretwell, 1974; McGinley et al., 1987) , which predict that females should produce eggs of the same size given a seemingly reasonable set of assumptions. Roosenburg & Dunham (1997) proposed that physiological constraints prevent females from varying clutch size and egg size independently. Clutch size is essentially fixed in mid-vitellogenesis, after which no additional recruitment occurs and atresia occurs only rarely (Sinervo & Licht, 1991; Shanbhag & Prasad, 1993) . Thus, a female encountering additional resources between mid-vitellogenesis and the point at which eggs are shelled would not be able to increase her clutch size but could allocate additional energy to her developing follicles. Through this mechanism, differences in the acquisition of resources among females can produce variation in egg size. Even if a single optimal egg size does exist, physiological constraints on follicular development can prevent females from producing eggs of this size. In support of this hypothesis, females in the laboratory that consumed more food during vitellogenesis produced larger eggs (R. M. Pringle & M. J. Angilletta, unpubl. data) . Additional studies of food intake in natural environments would confirm that these physiological constraints produce variation in egg size within populations.
Interestingly, we observed a negative relationship between the energy content of an egg and its energy density. This trend was evident within and among the populations, suggesting that the trend stems from a general functional relationship between egg size and energy density. The ubiquity of the trend raises a novel question. Why do females that produce smaller eggs allocate a greater proportion of lipid than protein? Possibly, the greater allocation of lipid is an adaptation to compensate for pelvic constraints on egg size; however, we doubt the validity of this explanation because of our evidence that pelvic constraints do not contribute to variation in egg size within S. undulatus. The strongest relationships between egg mass and energy density were observed among females from New Jersey and South Carolina, but egg mass was unrelated to maternal size in these populations. Based on these results, we propose an alternative explanation that could account for the negative relationship between egg size and energy density: a limitation of lipids. Females of S. undulatus use lipids stored during fall and winter to generate eggs during the spring (Derickson, 1976) . Lipid is distributed to eggs in the form of lipoproteins, such as vitellogenin and very-low density lipoproteins, and these lipoproteins differ in their ratio of protein to lipid (Thompson & Speake, 2003) . If lipids become limiting, females can provision eggs with a greater quantity of vitellogenin, which is richer in amino acids than lipid. The amino acids needed to produce large amounts of vitellogenin can be made available through protein turnover (Hawkins, 1991) . Indeed, an increase in protein turnover during reproduction has been observed in other oviparous ectotherms (Bayne, 2004) . Thus, the proportion of lipid might necessarily decrease if the need to provision eggs exceeds the ability of females to produce very-low density lipoproteins. Although lipids might be limiting in S. undulatus, other species can provide a constant or increasing proportion of lipid with increasing egg size (Booth, 2003) . Future tests of this hypothesis (and others) about the cause of variation in egg composition would help to refine evolutionary models of reproductive allocation.
